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A B S T R A C T
North Africa is a climatically and topographically complex region with unique biotic assemblages resulting from
the combination of multiple biogeographic realms. Here, we assess the role of climate in promoting intra-speciﬁc
diversiﬁcation in a Palearctic relict, the North African ﬁre salamander, Salamandra algira, using a combination of
phylogenetic and population genetic analyses, paleoclimatic modelling and niche overlap tests. We used mi-
tochondrial DNA (Cyt-b), 9838 ddRADseq loci, and 14 microsatellite loci to characterize patterns of genetic
diversity and population structure. Phylogenetic analyses recover two major clades, each including several
lineages with mito-nuclear discordances suggesting introgressive patterns between lineages in the Middle Atlas,
associated with a melting pot of genetic diversity. Paleoclimatic modelling identiﬁed putative climatic refugia,
largely matching areas of high genetic diversity, and supports the role of aridity in promoting allopatric di-
versiﬁcation associated with ecological niche conservatism. Overall, our results highlight the role of climatic
microrefugia as drivers of populations’ persistence and diversiﬁcation in the face of climatic oscillations in North
Africa, and stress the importance of accounting for diﬀerent genomic regions when reconstructing biogeographic
processes from molecular markers.
1. Introduction
North Africa is a climatically and topographically complex region,
characterized by Mediterranean climate in the north and arid Saharan
climate in the south. Its location at the intersection of distinct biogeo-
graphic regions produces a unique species composition (Dobson and
Wright, 2000). For Mediterranean lineages in particular, aridity has
been a main driver of population fragmentation and subsequent di-
vergence (Cosson et al., 2005), especially from the mid-Pliocene to the
Pleistocene when the region regularly experienced alternating humid
and hyper-arid phases (Quezel and Barbero, 1993).
Two predominant biogeographic patterns can be observed for
Mediterranean species in North Africa. The ﬁrst is a dual role of
mountain systems (especially the Rif and Atlas mountains) as both
geographical barriers (e.g. Veríssimo et al., 2016; Martínez-Freiría
et al., 2017) and climatic refugia (e.g. Beukema et al., 2010; Barata
et al., 2012; Nicolas et al., 2015; Freitas et al., 2018). The second, is a
tendency for intraspeciﬁc divergence along a west-east axis (e.g.
Beukema et al., 2010; Velo-Antón et al., 2012; Stuckas et al., 2014;
Beddek et al., 2018), likely associated with historical marine trans-
gressions into river valleys (e.g. Veith et al., 2004) or with periods of
climatic ﬂuctuations ranging from humid to hyper-arid conditions
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(Cosson et al., 2005). Both of these patterns are consistent with a pre-
dominantly allopatric model of diversiﬁcation, in which ecological
niche conservatism would promote vicariance as climatic oscillations
created recurrent barriers of unsuitable environmental conditions be-
tween conspeciﬁc populations.
Recent phylogenomic data have conﬁrmed a sister-group relation-
ship between the widely distributed European ﬁre salamander S. sala-
mandra and the north African S. algira (Rodríguez et al., 2017). This
supports a colonization of North Africa from the Iberian Peninsula
during the Messinian Salinity Crisis (MSC) via the Gibraltar land bridge
(5.96–5.33 million years ago, [Mya]; Duggen et al., 2003), or a post-
MSC colonization during the Messinian-Pliocene transition across the
Alborán volcanic archipelago (∼7–3 Mya), far east of the Strait of Gi-
braltar, which formed a land-bridge connection between SE Iberia to
the Eastern Rif and facilitated taxa exchange between North Africa and
Southern Europe (Booth-Rea et al., 2018). Salamandra algira occurs
from the Tingitana peninsula in Morocco to the Annaba region in
eastern Algeria, with a patchy distribution mostly conﬁned to mountain
ranges up to an elevation of 2455m above sea level. Four subspecies are
recognized: S. a. tingitana (Donaire-Barroso and Bogaerts, 2003) occu-
pying the north-western Rif; S. a. splendens (Beukema et al., 2013),
extending into the south-central Rif, possibly including an isolated
population in the Middle Atlas; S. a. spelaea (Escoriza and Comas,
2007), restricted to a small range in the Beni Snassen massif; and S. a.
algira (Bedriaga, 1883), apparently restricted to eastern Algeria, with
unconﬁrmed records from western Algeria (Fig. 1). Previous phylo-
geographic studies using mitochondrial DNA have conﬁrmed the va-
lidity of the four subspecies and identiﬁed two main clades: a western
clade including S. a. tingitana and S. a. splendens; and an eastern clade
including S. a. spelaea and S. a. algira (Ben Hassine et al., 2016; Merabet
et al., 2016). The divergence of these two main clades is estimated in
∼3.6 Mya, at the start of a cyclic period of climatic and vegetational
ﬂuctuations (Beukema et al., 2010). Similar to other vertebrates (e.g.
Velo-Antón et al., 2012; Stuckas et al., 2014), the main biogeographic
barrier promoting isolation between these clades is the arid lower
Moulouya river basin, as expected for an amphibian species of northern
Palearctic origin in North Africa, which is mainly limited by aridity
(Escoriza et al., 2006). Divergence within each major clade of S. algira
may have been associated with periods of climatic ﬂuctuations in North
Africa, with phases of persisting aridity imposing vicariance in moun-
tain refugia (Beukema et al., 2010; Ben Hassine et al., 2016). The two
subspecies of the western clade are distributed on either side of a
contact zone in the Oued (River) Laou (Fig. 1). Likewise, strong
geographic structure is also evident within subspecies, as S. a. tingitana
is divided into three sublineages (Dinis and Velo-Antón, 2017), and S. a.
splendens also shows geographic structuring, with one sublineage oc-
curring in the Western and Central Rif and another in the Middle Atlas
(Beukema et al., 2010).
As an amphibian of Mediterranean origin, S. algira is expected to be
reliant on the availability of Mediterranean humid habitats with dense
vegetation or rock crevices and surface water for reproduction (but see
Donaire-Barroso and Bogaerts, 2016; Dinis and Velo-Antón, 2017 on
viviparity of S. algira). These habitats, however, are sparsely distributed
in North Africa, explaining the heavily fragmented and mostly moun-
tainous distribution of this species. Given this relatively restricted
ecological tolerance, past climatic oscillations should have played a
signiﬁcant role in the evolutionary history of this species, shaping its
distribution and patterns of genetic diversity. Currently our phylogeo-
graphic understanding of S. algira is limited by reliance mostly on mi-
tochondrial DNA sequence information.
Here, we reconstruct the biogeographic history of S. algira, the only
terrestrial African salamander, by integrating molecular analyses from
multiple independent markers with paleoclimatic modelling.
Speciﬁcally, we aim to (a) clarify the geographic structure of genetic
diversity in S. algira and its history of diversiﬁcation using a combi-
nation of mitochondrial DNA, ddRADseq loci and microsatellites; (b)
assess the importance of climatic variability in shaping the past and
present distribution of S. algira and identify potential centres of sub-
speciﬁc diversiﬁcation using paleoclimatic models; and (c) estimate the
degree of ecological niche divergence between sublineages and its role
in the evolutionary diﬀerentiation within the species.
2. Material and methods
2.1. Laboratory work and data treatment
Genomic DNA was extracted from toe/tail clips using the Macherey-
Nagel NucleoSpin® Tissue kit following manufacturer’s instructions for
all samples. Two datasets resulting from our ﬁeld expeditions were
combined for mitochondrial DNA (mtDNA) based analysis (Table S2.1).
A fragment of the mitochondrial cytochrome b gene (Cyt-b) was se-
lected based on previous available data. DNA extractions and Cyt-b
ampliﬁcation and sequencing were performed for dataset one (ca.
314 bp fragment) as described in Merabet et al. (2016), and for dataset
two (91 samples, ca. 1049 bp fragment) as described in Beukema et al.
(2016). All further available Cyt-b sequences for S. algira were
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Fig. 1. (a) Distribution of Salamandra algira records used for paleoclimatic models and niche overlap tests. Polygons depicting the distribution of S. algira subspecies
and elevation are represented. Small inset shows the location of the study area in the Mediterranean Basin.
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downloaded and used in subsequent analyses (269 samples with 314 bp
fragment and 91 samples with 1049 bp fragment; Table S2.1). The ﬁnal
alignment was performed in GENEIOUS 11.1.4 and consisted of 360 Cyt-b
sequences covering the entire distribution of S. algira. Sequences from
S. s. longirostris were included as outgroup.
Three samples representing each of the major mtDNA clades (S. a.
algira, S. a. spelaea, S. a. tingitana and the two clades of S. a. splendens)
from isolated populations were selected for ddRADseq analysis (Table
S2.1, Fig. 2). The ddRADseq library preparation for all samples was as
follows (per Recknagel et al., 2015, with modiﬁcation of Illumina
adapters): 1 µg of DNA from each individual was double-digested using
the PstI-HF® and AclI restriction enzymes (New England Biolabs);
modiﬁed Illumina adaptors with unique barcodes for each individual
were ligated onto this fragmented DNA; samples were multiplexed; and
a PippinPrep used to size-select fragments around a tight selection of
383 bp (range: 350–416 bp) based on the fragment-length distribution
identiﬁed using a 2200 TapeStation instrument (Agilent Technologies).
Finally, enrichment PCR was performed to amplify the library using
forward and reverse RAD primers. Sequencing was conducted on an
Illumina NextSeq™ 500 platform at Glasgow Polyomics to generate
paired-end reads 75 bp in length. Raw sequence reads were quality
checked using FASTQC v.0.11.3 (Andrews, 2010). Samples were de-mul-
tiplexed, Illumina adaptors and barcodes removed, and reads truncated
to 60nt using STACKS v.1.44 (Catchen et al., 2011). Given the lack of a
reference genome, reads were assembled de novo in STACKS. The
minimum number of identical raw reads required to create a stack was
set to six (other settings left on default). A whitelist of all loci con-
taining 1–5 SNPs was then generated using custom scripts in R. Samples
were then ﬁltered through the STACKS Populations pipeline as a single
population, with whitelisted loci retained if they were present in≥75%
of samples, had a minimum individual stack depth of 10, a maximum
observed heterozygosity of 0.5, and a minimum minor allele frequency
of 0.05. Data were exported in Phylip format, including all variable
sites encoded using IUPAC notation.
A total of 14 microsatellite markers developed for S. salamandra and
previously tested in S. algira (Steinfartz et al., 2004; Hendrix et al.,
2010; Table S2.2.1) were ampliﬁed for datasets one and two (208 in-
dividuals successfully genotyped). PCR reactions contained a total vo-
lume of 10–11 µl: 5 µl of Multiplex PCR Kit Master Mix (QIAGEN, Va-
lencia, CA, USA), 3 µl of distilled H2O, 1 µl of primer multiplex mix and
1–2 µl of DNA extract (∼50 ng/µl). Forward primers were ﬂuorescently
labelled (6-FAM, VIC, NED or PET), and reverse primers for dataset one
were modiﬁed with a “PIG-tail” (GTTT) at the 5’ end. Multiplex panels
and PCR conditions are described in Tables S2.2.1 and S2.2.2. All allele
scoring was performed using GENEMAPPER version 4.0 (Applied Biosys-
tems), and 50% of dataset one (including all alleles found in the da-
taset) was re-genotyped under dataset two conditions for use as a ca-
libration measure to merge the two datasets.
2.2. Phylogenetic analysis
Bayesian phylogenetic analyses of mtDNA were conducted in BEAST
v1.7.5 (Drummond et al., 2012). JMODELTEST v.2.1.4 (Darriba et al.,
2012) was used to test for the best ﬁtting model of nucleotide sub-
stitution for Cyt-b (HKY+ I), under the Bayesian Information Criterion
(BIC). A lognormal relaxed clock and a coalescence constant size model
were used as tree priors. Markov Chain Monte Carlo (MCMC) analyses
were run in three independent runs of 100 million generations, with a
sampling frequency of 10,000 generations. Parameter convergence was
veriﬁed by examining the eﬀective sample sizes (ESSs) using TRACER
Fig. 2. (a) Bayesian phylogenetic trees for Salamandra algira obtained from ddRADseq (left) and Cyt-b data (right). Black and ﬁlled grey dots on tree nodes represent
posterior probabilities higher than 0.99 and 0.95, respectively. (b) Geographic distribution of major ddRADseq (stars) and Cyt-b lineages (circles). Elevation is
represented in the background. Image credits: Guillermo Velo-Antón (S. a. tingitana) and David Donaire (S. a. algira, S. a. spealaea, S. a. splendens).
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v1.7. After discarding 10% trees as burn-in, the remaining trees were
used to obtain the subsequent maximum clade credibility summary tree
with posterior probabilities for each node using TREEANNOTATOR. The re-
sulting consensus tree was visualized on FIGTREE (http://tree.bio.ed.ac.
uk/software/ﬁgtree).
Initial phylogenetic analysis of the concatenated ddRADseq data
was performed in RAXML (raxmlHPC; Stamatakis, 2014), using a GTRCAT
nucleotide substitution model (without rate heterogeneity) and 1000
bootstrap replicates. Following this, Bayesian analyses were performed
in BEAST 2.4.2 (Bouckaert et al., 2014). A BEAST xml ﬁle was generated
using BEAUTI 2.4.2. The best ﬁtting evolutionary model inferred by BIC in
JMODELTEST 2.1.10 was the transversion model (TVM). As BEAST2 only has
four base substitution models, which do not include TVM, a GTR sub-
stitution model with the alpha gamma rate parameter ﬁxed at one was
selected as closest approximation. A relaxed clock (log normal) was
used, with all other parameters left on default settings. A MCMC chain
of 10 million generations was run (10% burn-in) with tree and para-
meter estimates sampled every 1000 MCMC generations. Based on this,
two prior operators were adjusted: the YuleModelTreeScaler scale
factor was set to 0.932 and the size of the YuleModelSubtreeSlide de-
creased to 0.046. The analysis was then re-run for 100 million gen-
erations (10% burn-in). TRACER 1.6.0 (Drummond and Rambaut, 2007)
was used to assess chain convergence and a maximum clade credibility
tree generated using TREEANNOTATOR 2.4.2.
2.3. Spatial patterns of genetic structure and diversity
MICRO-CHECKER 2.2.3 (Van Oosterhout et al., 2004) was used to test
microsatellite data for null alleles and allele dropout. Samples from the
same locality were grouped into a priori populations for the purposes of
testing Hardy–Weinberg Equilibrium (HWE) and Linkage Dis-
equilibrium (LD; assignment of samples to localities on Table S2.1).
Each microsatellite locus was tested for HWE and LD using a Markov
Chain method with 10,000 dememorization steps and 1000 batches of
10,000 iterations per batch as implemented on GENEPOP 4.2 (Rousset,
2008). Bonferroni correction (Rice, 1989) was applied to account for
multiple comparisons.
A Bayesian assignment test based on the full microsatellite dataset
was used to infer the number of genetic demes present in our sample, as
implemented in STRUCTURE 2.3.1 (Pritchard et al., 2000). One million
iterations were performed, with a burn-in period of 100,000, and ap-
plying an admixture model with correlated allele frequencies and no
prior information on sample population membership. The program was
run with a number of clusters (K) ranging from 1 to 20, with 10
iterations per value of K. The most likely value for K was estimated by
the highest value of log probability of data L(K) (Falush et al., 2003),
and D(K), a measure based on the second order rate of change in L(K)
(Evanno et al., 2005).
To visualize the geographic distribution of genetic diversity, metrics
of genetic diversity were spatially interpolated. Observed hetero-
zygosity (Ho) and allelic richness (Ar) were calculated from a subset of
the microsatellite dataset (70 individuals from 14 localities; 5 in-
dividuals/locality; Table S2.3). Ho was calculated on GENALEX 6.5
(Peakall and Smouse, 2012) and Ar was calculated using the R package
diveRsity (Keenan et al., 2013). Nucleotide diversity (π) values were
calculated for Cyt-b by pooling samples contained in a buﬀer with a
radius of 0.4 decimal degrees (∼45 km). Nucleotide diversity was cal-
culated independently for each major mitochondrial lineage to avoid
artefacts resulting from sampling multiple lineages near the tingitana/
splendens contact zone. Genetic diversity metrics were then interpolated
by generating a continuous surface by kriging interpolation (Oliver and
Webster, 1990), implemented in the ‘Geostatistical Analyst’ extension
of ARCMAP 10.1 (ESRI, 2012).
2.4. Paleoclimatic models
A database of geo-referenced occurrence records was compiled,
including all previously published records, as well as previously un-
published records resulting from our own ﬁeld expeditions (Fig. 1;
Table S2.1). The ﬁnal database contained 152 unique occurrence re-
cords. Potential sampling bias was handled by reducing the level of
clustering of the data (Text S1.1).
Five slightly correlated variables (R < 0.7; Table S2.4) were ob-
tained from Worldclim (http://www.worldclim.org; Hijmans et al.,
2005) for the present as well as for the Mid-Holocene (∼6K years ago),
Last Glacial Maximum (LGM; ∼ 20K) and Last Inter-Glacial (LIG; ∼
120K), representing climatic extremes during the Pleistocene climatic
oscillations. These variables were clipped to a study area deﬁned by a
200 km buﬀer around S. algira’s known distribution (Text S1.2). Eco-
logical niche-based models were created at three levels: (a) for the
entire species; (b) for each major clade identiﬁed by Cyt-b; and (c) for
each major clade identiﬁed by ddRADseq. For levels (b) and (c), records
were assigned to their respective clades based on information from
phylogenetic trees. Records for which phylogenetic information on
lineage membership was unavailable were included when geographical
location allowed unambiguous clade assignment, and removed other-
wise. For level (b), records without phylogenetic information located
near the contact zone were assigned to S. a. tingitana or S. a. splendens
by performing a spatial interpolation of available mitochondrial data,
using a modiﬁed kriging method implemented in the R package Phylin
(Text S1.3; Tarroso et al., 2015).
The maximum entropy technique, as implemented in MAXENT
(Phillips et al., 2006) has been shown to perform well with low sample
sizes (Hernandez et al., 2006), and was therefore used to develop niche-
based models based on present climate and projections to past climatic
conditions. To assess model parameterization (Merow et al., 2013),
diﬀerent types of features and regularization multiplier values were
tested (Fig. S3.1). Final models were created using linear and quadratic
features and a regularization multiplier of 0.5. Each model was created
by running 50 bootstrap replicates, each one setting aside 30% of the
available presence points for model testing. Forecasts of suitability were
created by averaging the 50 replicates for each taxon.
Model accuracy was assessed using the Area Under the Curve (AUC)
of the Receiver Operating Characteristic (ROC) plots for the training
and testing datasets. Standard deviation plots of model replicates were
also taken into consideration when assessing model performance. The
importance of environmental variables for each model was determined
by the average percentage of contribution (Phillips et al., 2006). Re-
sponse curves for the most important variables were visually inspected
to detect diﬀerences in ecological requirements among taxa (e.g.
Martínez-Freiría et al., 2008). Average consensus models of the re-
plicates were projected to the area of the full species’ distribution in the
present to identify areas of overlap between subspecies, as well as to the
same area under past conditions to identify areas of past climatic
suitability and to evaluate the responses of taxa to past climatic oscil-
lations at the regional scale. Projections used the Fade By Clamping
option, to reduce the error associated with projecting to environmental
conditions beyond the range used for training. To avoid biases asso-
ciated with selection of thresholds for model classiﬁcation, areas that
are consistently suitable across all time periods were identiﬁed using a
fuzzy approach (e.g. Gutiérrez-Rodríguez et al., 2017). Model predic-
tions for all time periods were upscaled to the coarsest resolution
(5×5 km). Fuzzy intersections between all time periods were calcu-
lated independently for each GCM using the Fuzzy Overlay approach
with the “AND” function on ARCMAP, which incorporates information
from all projections while attributing less weight to individual projec-
tions.
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2.5. Niche overlap tests
The R package ecospat (Di Cola et al., 2017) was used to quantify the
degree of ecological niche overlap and to test the contrasting hy-
potheses of niche conservatism versus niche divergence between clades.
Niche overlap between each pair of clades was calculated in-
dependently for groups deﬁned on levels (b) and (c), and niche
equivalency and similarity tests were performed for all pairs. Niche
equivalency tests determine whether niche overlap is constant when
randomly reallocating the occurrences of both groups among their re-
spective ranges, while niche similarity tests decouple the eﬀects of
diﬀerential habitat selection versus habitat availability on the niche
overlap between lineages, by taking into account information on the
geographic availability of environmental conditions (Warren et al.,
2008; Broennimann et al., 2012). An area deﬁned by a 200 km buﬀer
around the species’ distribution was used as background area. A total of
100 pseudoreplicates were generated for each test.
3. Results
3.1. Phylogenetic analyses
The Cyt-b tree identiﬁed two major clades: a western clade (sensu
Ben Hassine et al., 2016) comprising two monophyletic groups corre-
sponding to the subspecies S. a. tingitana (NW Moroccan Rif) and S. a.
splendens (SW and Central Rif and Middle Atlas), and an eastern clade
(sensu Ben Hassine et al., 2016) comprising S. a. spelaea in the Moroccan
Beni Snassen massif and S. a. algira in Algeria; Figs. 2 and S3.2). Deli-
mitation of subspecies within the eastern clade was hindered by the
paraphyletic status of S. a. algira, due to a sister-group relationship
between the westernmost Algerian population from Chrea and S. a.
spelaea from Beni Snassen (Fig. S3.2), possibly caused by insuﬃcient
phylogenetic information in this short mtDNA segment. Salamandra a.
tingitana and S. a. splendens are further subdivided into three (mostly
separated by the boundaries of river Martil) and two (southwestern/
central Rif and Middle Atlas) monophyletic groups, respectively. Major
nodes, except for the divergence of S. a. tingitana sublineages, were
highly supported (PP > 0.95; Fig. S3.2).
The ddRADseq tree based on 9838 RAD-loci (15,859 SNPs) identi-
ﬁed two major clades with high node support (PP > 0.95): one clade
included two sister groups corresponding to S. a. tingitana and the Rif
populations of S. a. splendens. The other clade contained the second
lineage of S. a. splendens, from the Middle Atlas, which was the sister
lineage to a S. a. spelaea and S. a. algira grouping (Figs. 2 and S3.3).
3.2. Patterns of spatial genetic structure and diversity
For the microsatellite dataset, no null alleles or allele dropout (99%
conﬁdence interval) nor signiﬁcant deviations from Hardy Weinberg
equilibrium or evidence of Linkage Disequilibrium were observed. Both
L(K) and D(K) identiﬁed K=7 as the best number of clusters for the
Structure analysis (Fig. S3.4), which mostly corresponded to discrete
geographic locations (Fig. 3). In the Moroccan Rif, three clearly de-
limited clusters are found, corresponding to the localities of Ceuta and
Amsa, and a third cluster grouping all remaining NW Rif localities, even
across the contact zone between S. a. tingitana and S. a. splendens in
Oued Laou. Localities in the SW and Central Rif show extensive ad-
mixture and are not assigned to any particular cluster. Two clusters
correspond roughly to the Algerian regions of Kabylia and Annaba,
though some admixture occurs between the two. The remaining two
clusters correspond to Beni Snassen and the Middle Atlas populations
(Fig. 3).
3.3. Spatial interpolations
The highest values of allelic richness and heterozygosity for
microsatellite loci occur in the Middle Atlas, Annaba and the western
Rif, while the lowest occur in Beni Snassen and Dar Chaoui (Fig. 4a;
Table S2.3). Interpolations of nucleotide diversity (π) identiﬁed distinct
geographic patterns for each group: a west-east cline for S. a. tingitana,
with the lowest π in the eastern localities of Ceuta and Amsa (Fig. 4b;
Table S2.5); a north-south cline for S. a. splendens, with the highest
values found near its contact zone with S. a. tingitana and the lowest in
the southern Rif (Fig. 4c; Table S2.5). In the eastern clade, the highest
values occurred in Kabylia, while in the rest of the clade, distribution
was predicted to have much lower diversity overall (Fig. 4d; Table
S2.5).
3.4. Paleoclimatic models
Overall, accuracy was high for all models (Table 1). Wet-season
precipitation was the most important variable for all models, with the
models for S. a. splendens (mtDNA-based) and the eastern clade
(ddRADseq-based) importantly aﬀected by other variables too, parti-
cularly maximum temperature of the warmest month (Table 1). Suit-
ability for all models was positively correlated with wet-season pre-
cipitation and negatively correlated with lower maximum temperature
values (Fig. S3.5). All models predicted current suitable areas pre-
dominantly in the Rif and northeast Algeria, and low suitability in Beni
Snassen (Fig. S3.6). Models for S. a. splendens (mtDNA) and the eastern
clade (ddRADseq) predicted suitable areas in the Middle Atlas (Fig.
S3.6).
Predictions of climatically stable areas were similar for all GCMs
(Figs. 5, S3.7). The overlay of species model and projections depicted
areas with high stable climatic suitability in the north-western Rif and
eastern Kabylia (Figs. 5a, S3.7). On the overlays for the mtDNA-based
models, stable high-suitability areas were identiﬁed for S. a. tingitana
near Ceuta; for S. a. splendens in the south-western and central Rif; and
for the eastern clade in Kabylia (Figs. 5b, S3.7). For the ddRADseq-
based western clade, stable high-suitability areas were identiﬁed in the
north-western Rif, restricted to the north of Oued Laou; while for the
eastern clade, stable high-suitability areas were identiﬁed in the
southwestern and central Rif and in Kabylia (Figs. 5c, S3.7).
Niche overlap was consistently low (D < 0.21). Nonetheless, niche
equivalency tests failed to reject the null hypothesis of niche equiv-
alency among all lineage pairs. Similarly, the only signiﬁcant similarity
test (between S. a. tingitana and S. a. splendens) was associated with a
value of niche overlap greater than the distribution of pseudoreplicates
(D=0.202), indicating that niches of the two subspecies are more si-
milar than expected given the available environmental conditions for
each. All other similarity tests were non-signiﬁcant, and thus incon-
clusive regarding niche similarity (Table 2).
4. Discussion
4.1. Biogeographic aﬃnities of Salamandra algira
Species responses to Pleistocene glacial and interglacial periods are
idiosyncratic and shaped by their biogeographic aﬃnities (Stewart
et al., 2010). Responses of S. algira were similar to other species located
on the southernmost limits of their climatic range (e.g. de Pous et al.,
2013; Martínez-Freiría et al., 2015, 2017), with range contractions
during the LIG and, to a lesser extent, the Mid-Holocene, and expan-
sions during the LGM (Fig. S3.6). Populations at southernmost climatic
margins might be susceptible to an increase of temperature and aridity,
contracting ranges to mountains, while range expansions to the low-
lands should occur during mild and humid periods.
The lack of evidence for niche divergence (reﬂected in the failure to
reject niche equivalency and similarity) supports previous assertions
that all S. algira lineages have similar ecological (bioclimatic) require-
ments. Diﬀerences between lineages (reﬂected in the low values of
niche overlap) are therefore more likely related to diﬀerences in local
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availability of habitats rather than to adaptive divergence in habitat
selection (Ben Hassine et al., 2016), with models for all lineages asso-
ciated with high levels of wet-season precipitation. This variable is
expected to have a dual role in the delimitation of the distribution of S.
algira: ﬁrst, a causal positive relationship exists between precipitation
and vegetation productivity, and S. algira can beneﬁt from the micro-
climatic buﬀer eﬀects of vegetation (Escoriza and Ben Hassine, 2014);
second, high precipitation likely favours S. algira larviparous popula-
tions directly by providing surface water for reproduction.
4.2. Allopatric diversiﬁcation in Salamandra algira
Allopatric divergence associated with topographic and climatic
barriers and niche conservatism have been the major drivers of intra-
speciﬁc diversiﬁcation in S. algira, as inferred from non-overlapping
(mtDNA) or only partially overlapping (ddRADseq) stable areas of high
climatic suitability for each major lineage, with no evidence for niche
divergence across lineage pairs. This is in line with the predominantly
vicariant mode of speciation in salamanders, which often show deeply
divergent intra-speciﬁc lineages, and spatially structured genetic di-
versity (e.g. Martínez-Solano et al., 2007; Veith et al., 2008; Beukema
et al., 2016; Salvi et al., 2016). Allopatric diversiﬁcation mediated by
Pleistocene climatic ﬂuctuations has also been identiﬁed as the main
driver of intra-speciﬁc diversiﬁcation in other North African species
(e.g. Anadón et al., 2015; Veríssimo et al., 2016; Martínez-Freiría et al.,
2017; see also Husemann et al., 2014).
The past distribution of S. algira was probably also constrained by
non-climatic abiotic and biotic pressures. For instance, factors asso-
ciated with vegetation and lithology (see Beukema et al., 2010), not
detectable by climate-only models, may have constrained distributions
more extensively than observable using the biogeographic approach
applied here. Also, river systems like the Mouloya, Oued Martil or Oued
Laou may have acted as barriers, promoting vicariance. Models based
on the ddRADseq results predict partially overlapping stable areas for
the eastern and western clades in the Rif, which likely acted as climatic
refugia and centres of diversiﬁcation. This agrees with the well-estab-
lished role of Moroccan mountain ranges as an important centre of
diversiﬁcation (e.g. Barata et al., 2012; Beukema et al., 2010; Nicolas
et al., 2015; Veríssimo et al., 2016; Freitas et al., 2018). It is unclear
where the diﬀerentiation of the west and east clades took place, but
based on their distribution at each side of the Mouluya river basin, it
might have started in this area when the ancestors of S. algira colonized
Africa from the Iberian Peninsula via the archipelago created with the
East Alborán volcanic arc (Booth-Rea et al., 2018). The Moulouya basin
constitutes a stable low-suitability region on all models; thus, it likely
played a later role in maintaining allopatry between the east and west
clades, as suggested for other taxa (Escoriza et al., 2006; Beukema et al.,
2010; Merabet et al., 2016). Then, subsequent westward and eastward
population expansions could occur in the west and east clade, respec-
tively.
Diﬀerentiation within the western clade (S. a. tingitana - S. a.
splendens) likely took place in independent climatic refugia in the Rif, as
attested by predicted stable areas based on mitochondrial DNA, while
diversiﬁcation in the eastern clade (S. a spelaea - S. a. algira) was as-
sociated with eastward expansion. Species may persist in microclimatic
refugia in areas where the regional climate ceases to be suitable (e.g.
Worth et al., 2014), but these microrefugia are diﬃcult to detect using
ecological models based on climatic predictors with low spatial
Fig. 3. Geographic distribution of demes of Salamandra algira population structure in North Africa diagnosed using microsatellite data. Circle size represents relative
sample size for the locality. (a) Close up of S. algira population structure in the Moroccan Rif. Major rivers and available occurrence records are also represented. (b)
Close up of S. algira population structure in north-eastern Algeria. Bottom panel: Plot of STRUCTURE results. Localities or regions associated with each deme are
described below the plot.
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Fig. 4. Spatial interpolations of Salamandra
algira genetic diversity across its distribu-
tion in North Africa (a) Observed hetero-
zygosity (b) Nucleotide diversity (π) for S. a.
tingitana. (c) Nucleotide diversity for S. a.
splendens. (d) Nucleotide diversity for the
east clade. Observed heterozygosity and
nucleotide diversity were calculated from
microsatellite and Cyt-b data, respectively.
Distribution of Cyt-b lineages, major river
systems of the Rif and names of relevant
localities are also represented. The spatial
interpolation of allelic richness was very
similar to the one for observed hetero-
zygosity, and is not represented. Nucleotide
diversity values were interpolated to the
area deﬁned by the minimum convex
polygon that includes the entire distribution
of the lineage.
Table 1
Average (and SD) performance metrics and percent contribution of each variable to ecological niche-based models for Salamandra algira and its sublineages, as
deﬁned by Cyt-b and ddRADseq data. N: Sample size; AUC: Area Under the Curve; BIO4: temperature seasonality; BIO5: maximum temperature of warmest month;
BIO6: minimum temperature of coldest month; BIO16; precipitation of wettest quarter; BIO18: precipitation of warmest quarter; SAT: S. a. tingitana; SAS: S. a.
splendens. Most important variables are outlined in bold.
N Performance metrics Variable percent contribution
Species Training AUC Test AUC BIO4 BIO5 BIO6 BIO16 BIO18
112 0.933 (0.009) 0.93 (0.019) 5.8 (3.5) 11.8 (3.8) 4 (1.6) 73.7 (4.3) 4.7 (1.6)
Cyt-b East 36 0.950 (0.017) 0.0931 (0.039) 5.5 (6.9) 7.9 (4.3) 3 (3.4) 81 (8.4) 2.6 (2.3)
SAT 30 0.974 (0.007) 0.97 (0.012) 8.4 (2.7) 15.5 (5.7) 7.7 (3.6) 68.5 (7.6) 0.1 (0.2)
SAS 52 0.925 (0.013) 0.912 (0.024) 0.2 (0.2) 32.9 (9.3) 23.2 (4.3) 42.1 (11.0) 1.7 (1.5)
RADseq West 63 0.964 (0.008) 0.961 (0.014) 1.1 (1.3) 15.5 (4.9) 2.7 (1.9) 78.4 (5.8) 2.3 (2.2)
East 57 0.897 (0.022) 0.882 (0.035) 7.2 (5.2) 27.0 (10.1) 4.3 (3.4) 43.0 (11.1) 19.0 (5.3)
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resolution (e.g. Hijmans et al., 2005). The lack of climatic stability in
the Beni Snassen massif, where the highly localized and microclimate-
dependent S. a. spelaea is found (Escoriza and Ben Hassine, 2014),
suggests that this area could have acted as a microrefugium for the
species. On the other hand, the inference of a single stable climatic area
in Kabylia, coupled with the extensive admixture found in Algerian
populations, supports previous assertions of connectivity between po-
pulations driven by climatic stability in the area (Ben Hassine et al.,
2016; Merabet et al., 2016; Bouzid et al., 2017). However, the existence
of intermediate populations in west Algeria (Ben Hassine et al., 2016)
Fig. 5. Stable climatically suitable areas derived from fuzzy logic overlay of paleoclimatic models for Salamandra algira lineages projected to the present and to three
periods in the past (LIG, MidHol and LGM), using MidHol and LGM predictions derived from the CCSSM4 Global Circulation Model. Projection areas correspond to
the calibration areas used for model training. (a) For the entire species. (b) For S. a. tingitana identiﬁed by Cyt-b. (c) For S. a. splendens identiﬁed by Cyt-b. (d) For the
eastern clade (S. a. spelaea and S. a. algira) identiﬁed by Cyt-b. (e) For the western clade (S. a. tingitana and S. a. splendens) identiﬁed by ddRADseq. (f) For the eastern
clade (S. a. spelaea and S. a. algira) identiﬁed by ddRADseq.
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makes further sampling necessary to disentangle whether paleoclimatic
model predictions of unsuitable habitat in Beni Snassen and Chrea re-
ﬂect their microrefugial status or an artefact resulting from incomplete
sampling of the species’ climatic niche.
4.3. Cyto-nuclear discordance, the melting pot in the Middle Atlas and
contemporary genetic structure
We found a strong cyto-nuclear discordance in the Middle Atlas
salamander populations, probably resulting from mitochondrial in-
trogression during population expansion from neighbouring climati-
cally stable areas into this region. In the resulting melting pot of S.
algira lineages in the Middle Atlas, the high values of genetic diversity
reﬂect contributions from multiple gene pools to local genetic diversity.
An early expansion of S. a. splendens into the Middle Atlas, followed by
a subsequent colonization of the eastern clade, could account for this
pattern. While the underlying causes cannot be determined with the
data at hand, nuclear DNA has been previously found to cross contact
zones faster than mitochondrial DNA in the genus Salamandra, possibly
due to a combination of male-biased dispersal and selection for traits
coded in the nuclear genome (García-París et al., 2003; Pereira et al.,
2016), and phylopatry in S. atra (Helfer et al., 2012), and S. salamandra
females (Lourenço et al., 2018) has been suggested.
Microsatellites helped to clarify contemporary patterns of popula-
tion structure. The genetic distinctiveness of the Middle Atlas and Beni
Snassen populations agrees with the predictions of niche models to the
present. The Middle Atlas populations are surrounded by unsuitable
habitat, including the Moulouya river basin to the east and the region
between the Rif and the Middle Atlas to the north. On the other hand,
the prediction of Beni Snassen as climatically unsuitable habitat un-
derpins the idea that S. algira may be highly reliant on patches of sui-
table microhabitat conditions (see Ben Hassine et al., 2016) enforcing
population isolation. The possible presence of S. algira populations in
west Algeria leaves open the possibility that the assignment of Beni
Snassen to a distinct deme is an artefact resulting from isolation by
distance.
5. Conclusion
We unravelled the biogeographic processes governing the in-
traspeciﬁc diversiﬁcation of a North African Palearctic relict. Climatic
oscillations promoted allopatric diversiﬁcation, driven by aridity as a
major limiting factor. Major centres of diversiﬁcation include the
Moroccan Rif and in the Algerian region of Kabylia. No reproductive
barriers were observed between subspecies that make geographic con-
tact, with continuous gene ﬂow between S. a. tingitana and S. a. splen-
dens in the Rif Mountains, and past introgression between S. a. splendens
and a population of the eastern clade, creating a melting pot of genetic
diversity in the Middle Atlas via multiple populations expanding into
this region. We propose a potential role of microrefugia as drivers of
persistence and diversiﬁcation in the face of climatic oscillations in
North Africa. The discordance between diﬀerent DNA regions high-
lights the need to evaluate evolutionary and demographic processes for
diﬀerent genomic regions when assessing biogeographic processes re-
sorting to niche-based modelling approaches.
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following: MH986344 - MH986594.
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